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ABSTRACT 
Studies of the receptive properties of 113 neural 
units In the optic tectum were carried out in 3^ pigeons 
anesthetized with Ketamlne and Equithesln.  Responses to 
stationary visual stimuli as well as visual targets 
moving at controlled velocities in any direction were 
examined with metal microelectrodes and glass 
micropipettes. 
Results indicate that receptive field size and 
the expression of spontaneous activity increase with 
increasing tectal depth.  Neural units generally respond 
to both the onset and offset of at least some stationary 
stimuli, but respond with greater impulse frequency and 
number to moving stimuli.  Select!vlties for particular 
directions and velocities of stimulus movement were found 
to be variable In strength and, in many cases, inter- 
dependent, suggesting that classification of units into 
discrete categories of velocity- and directional-selective 
•types1 would misrepresent the data.  The velocity 
sensitivity of any neural unit was characterized as a 
multidimensional entity enoompassing the degree of 
selectivity, the number of different velocities at which 
selectivity was demonstrated, and the actual velocity or 
velocities of preference.  Similarly, It was determined 
that the directional sensitivity of a particular unit 
involved several dimensions:  the degree of selectivity; 
the consistency of preference over the range of stimulus 
velocities examined; and the actual direction of 
preference in terms of anterior-posterior and dorsal- 
ventral directions.  Representative examples from each 
of these dimensions of velocity and directional 
sensitivity are presented, and the implications of the 
expression of these dimensions for information processing 
in the tectum are noted. 
The pigeon offers a particularly suitable animal for 
the study of visual processes.  Behavioral methods allow 
a quantification of visual psychophyslcal functions 
approaching that possible In humans (Blough, 1961; Perster 
&  Skinner, 1957). In addition, recent evidence of two 
separate retlno-telencephalic projections In birds 
comparable to that In mammals (Nauta & Karten, 1970), 
suggests the Importance of investigating the avlan visual 
system.  The optic tectum, which appears In mammals in 
modified and reduced form as the superior colllculus, Is 
the principal site of visual Integration in nonmammalian 
vertebrates and Is thus highly differentiated in birds. 
In the present report, experiments will be described 
which investigated the characteristics of discharges 
elicited from single neural units in the pigeon optic 
tectum by particular conditions of stimulation. Before 
describing these experiments, the anatomy of the system 
under study and receptive field properties of neurons in 
the pigeon retina and tectum are reviewed.  Certain 
stimulus parameters found to be Important in tectal oell 
response were then selected for exploration In relation 
to tectal anatomy. 
Anatomy 
The  gross and microscopic  anatomy of the pigeon's 
eye has been described by Chard and Grundlach   (1938). 
The total  visual  field is approximately 172°,  a slight 
forward angle of the  eyes providing for a binocular 
overlap of about Zk°.     There is a fovea very slightly 
ventral  and temporal   to  the center of the  eye which 
serves the lateral visual  field.     There also appears to 
be another area of high cell  density in the superior 
temporal retina permitting acuity for the  frontal  field 
(Galifret, 1968). 
The optic nerve,  outside the  eye almost immediately 
enters the optic chlasma,  where  there is complete 
decussation.     After crossing,  a number of separate 
pathways,   indicated in Figure 1, mediate vision.    One is 
a direct projection to  the nucleus dorsolateralis anterior 
of the  thalamus   (Cowan et al,   1961;  Karten & Nauta,  1968) 
which then projects to  the wulst in the  dorsomedial 
telenoephalon  (Karten & Nauta,   1968).    In the wulst,  cells 
with small  receptive  fields are organized In columns and 
stand in topographical relationship to  the retina  (Revzln, 
1969).     These investigators have noted the obvious 
similarity to  the mammalian geniculo-strlate  system.     In 
addition to  the pathway to  the wulst,   there Is a direct 
FIGURE 1.  DIAGRAMMATIC SUMMARY OP CONFIRMED VISUAL 
PATHWAYS IN THE FIGEON. 
Figure Is adapted from Karten and Hodos (1970). 
Areas of visual projection are nucleus 
dorsolateralis anterior (dla); wulst (w); optlo 
teotum (teo)f and Its layers:  stratum optlcum 
(so), stratum grlseum et flbrosum superflclale 
(sgefs), and stratum grlseum centrale (sgc); 
lsthmo optic nucleus (Ion); nucleus rotundus 
(rt); ectostrlatum (e). 
retina 
retinal projection to a number of other thalamic nuolel 
(Cowan et al, 1961; Karten &  Nauta, I968) whose efferent 
connections have not been determined. 
After deoussation, most fibers terminate in the 
optic teota ( Cowan et al, 1961; MoGill et al, 1966a), 
Each tecturn displays a topographical map of the retina 
such that the retinal Image is both Inverted and reversed! 
the anterior quadrants of the retina are represented on 
the posterior tectum and the superior quadrants are 
represented on the inferior tectum (MoGill et al, 1966a). 
The pigeon optic tectum Is a spherical layered structure 
and, though more complex, has essentially the same 
arrangement as that in the reptile (Huber &  Crosby, 1933). 
Huber and Crosby, from comparative studies, distinguished 
six layers which they believed to represent the phylo- 
genetic pattern of development (see Figure 1).  Prom the 
periphery inward, these concentric shells are stratum 
opticum (so); stratum grlseum et flbrosum superficlale 
(sgefs), subdivided Into ten layers, a-J, by Cowan et al 
(1961); stratum grlseum centrale (sgo); stratum album 
oentrale (sao); stratum grlseum perlventriculare (sgp) 
and stratum flbrosum perlventriculare (sfp). 
The so, composed of the incoming optic nerve fibers, 
has been shown to vary in thickness between 75  and 250 
microns in different areas of the tectum (Stone & Freeman, 
1971). Optic nerve fiber termination may begin at 
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sublayer   (a) of the sgefs   (Cowan et al,  1961),  or 100 
microns deeper,  at sublayer   (o)   (Stone & Freeman,  1971)* 
The  deep limit of the afferent terminals Is 250 microns 
below the Internal limit of the  so   (Stone  A Freeman, 
197D. 
Monosynaptlo activation has been assumed for teotal 
cells at depths through sublayer   (J) of the  sgefs 
(Holden,  1968a,   1968b;   Stone & Freeman,  1971)*     Stone 
and Freeman measured this depth to be between 675 and 
950 microns and classified two broad groups of teotal 
cells which extend Into the layer of afferent terminals. 
Most cells In a position to make contact with fibers 
from the retina had radially-oriented axons and dendrltes. 
However,  In each layer there were cells with a horizontal 
spread of all processes.     Radial  cells were  found to  send 
axons out of the  tecturn,  thus providing a monosynaptlo 
output for retinal  Input to the  tecturn.    According to 
Huber and Crosby  (1933)t  the efferent tracts from this 
area begin at the layer below the  sgefs,  the  sgo. 
A third group of cells discussed by Stone and Freeman 
(1971) were the deepest cells observed,  the ganglion 
cells, with somas 1200 to  1400 microns below the teotal 
surface.     Their dendrltes spread laterally and towards 
the  teotal  surface  to reach the basal dendrltes of radial 
cells.     Although Stone and Freeman  (1971)  do not assign 
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oells to the  tectal layers,  ganglion cell bodies would 
seem to be looated In the  sgc.     Huber and Crosby  (1933) 
suggested oells of the  ago receive  impulses  that have 
been subjected to recombinations in the  sgefs.     The  sac 
was held to be formed by the fibers of these cells, 
which act as the major pathways from the tecturn to lower 
centers and also collaterals into  the sgefs, 
McGlll et al   (1966a)  found that the precise repre- 
sentation of the retina on the tecturn is maintained in 
turn In the projection of the tectal  sgefs on the 
lsthmo-optic nuoleus.     Further,  the lsthmo-optic 
centrifugal  neurons relay back via their azons,  through 
the  lsthmo-optic tract to the same region of the retina 
from whloh they receive input   (McGlll et al,   1966b). 
The principal ascending visual pathway from the 
tecturn is a tecto-thaiamio pathway terminating in the 
nucleus rotundus.    This pathway appears to originate in 
the  sgo of the  tecturn   (Revzln & Karten,  1966/67)  and 
distributes topographically on the nucleus rotundus 
(Karten & Revzln,  1966).     The nucleus rotundus projects 
In turn on the eotostriatum, providing the only 
dienoephallo source of short-latenoy responses In the 
eotostriatum   (Revzin 6 Karten,  1966/67),     Disagreement 
exists concerning possible reciprocal connections from 
the nucleus rotundus to the tecturn,  a direct 
tecto-eotostrlatal projection, and reolprooal  telenoe- 
phallo projections to  the tectum  (Huber & Crosby,  1929; 
Karten & Hodos,   1970;  Revzin & Karten,   1966/6?). 
Behavioral methods have verified the Importance of 
the participation of the tectal-rotundal-ectostriatal 
projection in mediating avian vision.    For example, 
lesions In the  tectum have produced deficits in visual 
Intensity discrimination  (Cohen,  1967).    The nucleus 
rotundus has been similarly implicated in visual 
Intensity, pattern,  and color discrimination  (Hodos & 
Karten,  1966;  Hodos,   1969; Hodos & Bonbrlght,  197*0»  and 
the ectostriatum in visual  intensity and pattern 
discrimination   (Hodos & Karten,   1970). 
Receptive  Field Properties 
A basis for differences among vertebrates in the 
receptive field characteristics of retinal  cells has 
been suggested by Dowling  (1968)  In his electron 
microscopic Investigation of various retinas.    Particular 
synaptlo oontacts in the outer pleiiform layer are  found 
to be  common to primates,  oats, rabbits,  ground squirrels, 
frogs,  and pigeons.    However,  comparative  study of 
primate versus pigeon or frog Inner pleiiform layers 
showed that while qualitatively the  synaptio oontacts of 
the pigeon resemble  those in the primate,  there are a 
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number of quantitative differences.  The major propor- 
tion of Input to pigeon ganglion cells does not come 
dlreotly from bipolar cells, as In the primate, but 
rather through the amacrlne cells.  Three measures were 
found to reflect this greater degree of amacrlne cell 
participation In the Inner plexiform layer anatomical 
pathways; the ratio of the number of amacrlne cell 
synapses to bipolar cell synapses, the absolute density 
of amacrlne cell synapses, and the number of amacrlne 
serial synapses were all much higher in the pigeon or 
frog than in the cat, monkey, and man.  Thus, there 
appears to be a greater capacity for integration and/or 
analysis in the pigeon retina than in the retinas of 
the cat, monkey, and man. 
This suggestion is substantiated by comparisons of 
properties of retinal receptive fields In the various 
animals.  In the cat and monkey most of the ganglion 
cell receptive fields are organized in a simple 
concentric pattern, an ON or OFF center with the 
opposite type surround (Kuffler, 1953; Wlesel, i960; 
Hubel & wlesel, i960).  In the frog (Maturana et al, 
i960) and the pigeon (Maturana, 1962; Maturana 4 Frenk, 
1963; Holden, 1969) most units are complex, having many 
similar properties. Recording from single fibers in 
the optic nerve, Maturana (I962) and Maturana and Frenk 
(1963) classified pigeon ganglion cells as one of six 
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types,  acoording to the  stimulus for whioh they were 
most selective.     Haturana  (1962)   suggested that four 
types,   "general  edge detectors",   "convex edge detectors", 
"horizontal edge deteotors",  and "directional moving 
edge detectors", project to the  tecturn.    Each of these 
types,  with the possible exception of  "horizontal edge 
detectors", responds to both the ON and OPP of a small 
spot flashed anywhere within the receptive field oenter. 
In addition, preferred stimulus shapes were described, 
preferred response to movement,  in some cases with 
directional  selectivity,  was exhibited.    Hoiden  (1969) 
commonly observed these  same basic features in 
extracellular recordings of pigeon ganglion cells,  and 
Miles   (1972)  found them to be among those properties 
shown by retinal  cells In the domestic ohlck. 
Considerable interest has been shown In deter- 
mining how such highly coded input might be  further 
elaborated within the optic teotum.     There  are  several 
reports,  some contradictory, on receptive field 
properties of cells in the teotum.     A number of investi- 
gators   (Holden,   1971.  Hughes & pearlman,  197^1  Bilge, 
1971;  Gusel*nlkov et al,   1971)  have  shown receptive 
field size  to  inorease progressively with depth in the 
teotum.     According to Holden,  at the  surface  circular 
or elliptical  fields ranged from 1°  tb 2° in visual 
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angle.     Deeper,  to  600 microns,  field diameters were 
2°  to 4  .     Between 600 and 1200 microns,  receptive  field 
diameters were  10°  to  20°,  and at  1500 microns  strip 
shaped receptive  fields extending through as much as 
150    were observed*     The observation by Hamdi  and 
Whitteridge   (195*0 of very large receptive fields for 
cells in layers corresponding to the  sgc and sac 
suggests that these may be  the ganglion cells described 
by Stone  and Freeman  (1971)«     It would appear that 
surfaoe recordings were taken from afferent terminals 
in the  so,  recordings to depths of 600 microns from 
these  as well  as the radial  and other cells in the  sgefs, 
records between 600 and 1200 microns from the  sgefs and 
perhaps some of the  sgc,  and reoords at 1500 microns 
from ganglion cells in the  sgc and sac. 
Maintained spontaneous disonarge among tectal units 
has often been reported.     Cells showing this property 
are  found "occasionally" in anesthetized birds   (Wylie, 
1962)  and in about half of the cells in unanesthetized 
animals   (Jasslk-Gersohenfeld et al,   19?0).     Finding 
that retinal  ischemia abolishes the unitary potential 
evoked by light stimuli, but not the unitary maintained 
discharge,  Jasslk-Gerschenfeld et al oonolude  that such 
aotlvity is generated in the  tectum or more central 
structure.     Neurons  showing background rhythm in 
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darkness or In light predominate  In the  central  and deep 
layers of the  teotum   (Gusel»nlkov et al,   1971)• 
Generally It has been reported that almost all  cells 
have uniformly ON-OFF receptive  fields   (Holden,   1969; 
Jasslk-Gersohenfeld et al,   1970),     However,  Wylle 
(1962),  Jasslk-Gersohenfeld and Gulohard  (1972),  and 
Hughes and pearlman  (197*0  also observed the rare 
ocourrenoe of both pure ON and pure OFF fields. 
Gusel•nlkov et al   (1971)  found that cells through the 
sgefs usually have receptive  fields with a unique ON 
or OFF structure  and that fields of deep cells often 
have  complex,  asymmetrical  structure* 
It Is universally accepted that all units respond 
better to moving stimuli than stationary ones. Wylle 
(1962), Jasslk-Gersohenfeld et al (1970), and Jasslk- 
Gersohenfeld and Gulchard (1972) have observed 
movement-sensitive units not responsive to stationary 
stimuli at various depths In the teotum, while Hughes 
and Fearlman (197*0 assign these units to deep tectal 
layers only. 
Cells may respond to movement In all orientations 
or may show selectivity for movement through the 
horizontal,  vertical, or other axis   (Guselfnlkov et al, 
1971;  Jasslk-Gerschenfeld and Gulohard,  1972). 
Dlrectlonally-seleotlve  cells have been Identified 
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as those responding optimally to a stimulus moved In the 
preferred direction and showing no Increase, or Inhi- 
bition of spontaneous discharge,  when a stimulus Is 
moved In the opposite direction.     The proportion of 
dlreetlonally-seleetive cells has been estimated to be 
16-20%  (Jasslk-Gersehenfeld et al,   1970|  Jassik- 
Gersohenfeld A Gulohard,   1972;  Hughes & pearlman,   197*0 
or 50-60%  (Gusel'nlkov et al,  1971).  and with Increasing 
depth,  to Increase   (Gusel'nlkov et al,  1971)»  to 
decrease   (Jasslk-Gersohenfeld & Gulohard,   1972), or to 
remain the  same   (Hughes & Pearlman,   197*0•     Divergent 
numbers found by Gusel'nlkov et al   (1971)  may be 
attributed In part to the fact that their sample probably 
Included a larger number of projections from the more 
peripheral retina;  they find directional  selectivity 
more  common here  than In the area of foveal represen- 
tation.     While  Jasslk-Gersohenfeld and Gulchard  (1972) 
report that movement through the horizontal axis was 
generally preferred to vertical movement stimulation, 
Holden  (1969)  found predominating preferences for 
upward,  downward,  and anterior movement. 
The question of velocity sensitivity is somewhat less 
confused.    Hughes and pearlman  (197*0» recording from 
near foveal projections, report that the range of 
stimulus speeds to which cells in all layers respond is 
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2 /sec to  250 /sec,  with an optimal  speed of around 
70°/seo.     Gutsu   (1970)  found oells In foveal  and 
peripheral projections to respond to velooltles up to 
500 /seo,  and optimally to  speeds of 60-100°/seo;   In 
accord with Hughes and Pearlman  (197*0»  Gutsu  (1970) 
found a narrower range  and slower optimum speed In the 
area to which the  fovea projects.     Gusel•nlkov et al 
(1971)  found a lower velocity range for cells In 
superficial layers; here,  discharge frequency was 
suggested to Increase with Increased target velocity up 
to  60 /sec In the  foveal projection zone  and to  100- 
130°/sec In projections of more peripheral retinal  areas. 
Antagonistic areas surrounding receptive  fields have 
been found to be present to different degrees In 
different teotal cells,  and to have varying effects.    It 
has been suggested that In 56%  (Jasslk-Gersohenfeld & 
Gulchard,  1972) or In essentially all oells  (Wylle,   1962; 
Hughes & pearlman,  197*0 once  the diameter of a 
stationary spot exceeded the receptive  field center,  the 
response decreased or stopped altogether.     Wylle   (1962) 
found that frequently the response  type of the unit 
changed as the  spot Illuminated more of the  surround. 
Thus,   some units that gave an 0N-0PP response  to a spot 
within the receptive field center gave either an ON or 
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an OPP response.     Diffuse  Illumination produced a 
response resulting from a combination of individual  area 
responses.    Others have been unable  to elicit a response 
by surround stimulation alone. 
Movement sensitivity of some tectal units has been 
found to be unaffected If the moving stimulus extended 
outside  the  receptive  field   (Wylle,   1962;  Hblden,   1969; 
Jassik-Gerschenfeld & Guichard,   1972).    In other units, 
the response  to movement of the  target in a preferred 
direction was partially or completely suppressed by 
extending the  target size   (Holden,   1969;  Wylie,   1962; 
Jassik-Gerschenfeld et al,   1970;  Jassik-Gerschenfeld & 
Guichard,   1972;  Hughes & Fearlman,  197*0 ♦  with an 
increase  in the   suppressive  effect as more of the 
surround was stimulated  (Wylie,   1962;   Jassik-Gerschenfeld 
et al,  1970;  Jassik-Gerschenfeld & Guichard,  1972).     For 
other units,  determined with stationary stimuli  to have 
an ON-OFF center and an OFF surround,  a moving slit 
extending beyond the receptive  field center on both sides 
evoked an OFF response   (Wylle,   1962). 
It was the primary purpose of the experiments to be 
reported to  further Investigate movement sensitivity in 
the optic tecturn,  particularly with regard to  the 
parameters of velocity,  orientation,  and direction. 
Clear discrepancies in the  reported nature,  number,  and 
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location of units with direction and velocity preferences 
require  clarification.    The possibility that disagreement 
has been due  to  differences  In the  response  measures or 
criteria used should be explored.     Certainly,  It Is 
unknown at this point what constitutes a criterion 
velocity-, or dlrectlonally-seleotive,  response  for the 
nervous system;  if no clear criteria for classification 
present themselves,  discrepancies in the literature may 
be due  to a questionable use of arbitrary criteria. 
These  issues raise  the  central  question of the  extent to 
which observed results allow discussion of discrete 
categories rather than variations in the  degree  to which 
particular qualities are expressed by single  cells   (e.g. 
Erlckson,  197*0•     Secondarily, It was Intended to use 
these  data,  information on spontaneous activity, 
reoeptive  field size,   shape,  sensitivity,  and surround 
characteristics in conjunction with depth information 
to formulate  some  conclusions about tectal  anatomy and 
projections from the  tecturn* 
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METHOD 
White  Carneaux pigeons   (Columba llvla)  were 
anesthetized with lntramusoular injections of Equithesin 
(1.5 mgAg)  and Ketamine   (150 mgAg)  at least one  half 
hour before beginning any surgical procedure.     The 
heart-rate was minitored continuously from the beginning 
of anesthesia and additional anesthetic administered as 
required. 
A system of artificial respiration was adapted from 
the unidirectional air flow method desoribed by      Burger 
and Lorenz   (I960).     In birds,  inhaled air collects in 
the  air sacs en route  to and from the  tubular structures 
where gas exchange  takes place.     Thus ventilation can be 
achieved by passing air in the  trachea and out through 
the  air sacs.     An incision was made  into the  abdomen 
just posterior to the  sternum to provide access to the 
abdominal air sacs.    The  traohea was then exposed and 
an intra-traoheal oannula Inserted.     Air entering the 
trachea was led from a pump through a flask containing 
boiling water for warming and humidlfication.     The 
flowing air caused inflation of the  abdominal air sacs, 
one or more of which were punctured to allow the air to 
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escape.     To maintain the pigeon at normal body tempera- 
ture   (39.5 C)»  It was wrapped In a 6v do heating pad.     A 
thermistor probe  was Inserted Into  the  abdomen to monitor 
the  body temperature  and adjustments In the heating pad 
and air temperature  were made as necessary. 
The bird was fixed In a specially-constructed 
stereotailo apparatus which allowed the left eye a wide 
field of view.     Two pins in the external  auditory canals 
and a beak clamp held the head firmly.     A section of up 
to 5 sq. mm of bone overlying the dorsal  tecturn,  at 
least 1 mm from the  forebrain and 2 mm from the  cere- 
bellum,  was removed except for a thin plate of bone 
lying immediately over the  tectum.     A smaller area of the 
remaining bone was removed to expose a portion of the 
dura mater over the  tectal  surface. 
The pigeon was then paralyzed with an intramuscular 
injection of d-Tubocurarine  to eliminate eye movements. 
Since  the intrinsic muscles of the bird's eye  are 
striated, under curare,  accomodatlon also would not 
occur.     Additional  topical  application of curare  to the 
eyeball maintained the pupil at maximal  dilation of at 
least 3.5 mm.     The eyelids were retracted and the bird 
refracted with a retinosoope  to a distance of 38 cm, 
where  the rear projection LS60 Lenscreen with Hy-IXir 
Finish  (Polacoat,  Inc.) was placed  (TS in Figure 2). 
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Initially,  an artificial  pupil  3 mm in diameter was 
placed a few millimeters in front of the eye.     In later 
preparations, birds were  fitted before refraction with 
a noncorrectlve  contact lens painted black to give a 
3 mm artificial pupil.     In all oases,  the corrective 
lens was mounted in the  stereotaxic apparatus  Just 
beyond the artificial pupil.     Corrections ranged from 
-1  to  3-7 diopters   (d)f  the mean being l,2d.     The 
corrections were  accurate to within Id as subjectively 
estimated. 
The  dura mater overlying the exposed tecturn was 
removed and the  pigeon was mounted with left eye 
facing the rear projection tangent screen. 
The recording and optical  systems are shown in 
Figure  2.    Reference  to  system components will be 
followed by the letter designation on Figure  2, 
Extracellular recordings were made with 3 M KC1 glass 
micropipettes or electrodes of tungsten or stainless 
steel   (Transedyne General  Corporation),    Tip diameters 
were  2 microns or less and impedances ranged from 2 to 
30 megohms.    The  indifferent electrode was a silver 
wire placed under the bird's scalp.     The recording 
electrode was carried on a Kopf hydraulic mlorodrive 
which was mounted on a Kopf micromanlpulator.     Signals 
were led from the electrodes to the emitter follower   (EP) 
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FIGURE 2.  SCHEMATA OF THE EXPERIMENTAL APPARATUS USED 
FOR RECORDING UNIT RESPONSES TO VISUAL 
STIMULATION. 
Abbreviations 
LS, light source 
S, shutter 
Lj and L2» lenses 
T, target 
M, variable speed motor 
ID, iris diaphragm 
RM, rotating mirrors 
P, carousel projector 
FSMj^ and FSM , front surface mirrors 
HSM, half sliver mirror 
SCf shielded cage 
EF, emitter follower 
PR, preamplifier 
A, audio monitor 
CRO, cathode ray oscilloscope 
C, camera 
TS, tangent screen 
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probe of & Grass Model P16 ac/dc mloroelectrode amplifier 
(PR), or later  to  the  cathode  follower of a Grass Model 
P5R ao amplifier.     The  ao preamplifier output led to one 
beam of a Tektronix 565 oscilloscope   (CRO)  through a 
Tektronix Type 2A61 differential  amplifier.     Stimulus 
markers were  recorded on the other beam.     The Grass 
Model  AM5 audio  amplifier   (A)  was connected in parallel 
with the  CRO  to  allow auditory monitoring of the 
preamplifier output. 
The electrode was advanced in increments of 25 to 
100 microns.     After each advance,  the  screen   (TS)  was 
scanned with hand-held projectors to  determine  whether 
a responsive  unit had been encountered.     The  screen was 
70° x 70° of visual  angle.     Recorded potentials were 
identified as the action potentials of a single neuron 
when successive discharges were  constant in amplitude 
and waveform.     Assorted flashlights and room lights of 
varying brightness were used for a preliminary 
characterization of neurons.     After initial   search 
revealed the  screen position    of a cell's receptive 
field,  the  stimulating apparatus was wheeled to  the 
appropriate lateral position in front of the screen. 
Rotation of the entire optical   system allowed accurate 
positioning of the  stimulus on the  screen.    Light from 
the lamp   (LS)  was made  parallel by the lens LI  and 
2k> 
passed through the  target   (T),  diaphragm   (ID)  and a 
mirror system   (RM)  that rotated the  Images of T and 
ID which were   fooused on the  tangent  screen   (TS)  by lens 
L2.     The  Iris diaphragm   (ID)  In the  system was adjusted 
to  the  size  of the  discharge  field and the  mirror 
system   (RM)  was rotated to present  the moving target   (T) 
at a particular orientation.     A synchronous motor 
activated the   shutter   (3)  followed by target   (T)  movement 
automatically at one minute  Intervals,     By means of  two 
relay timers   (Hunter Manufacturing Oo.)  Illumination of 
the  receptive  field oenter was  followed by motorized 
movement of the  image  of a dark bar   (T)  approximately 
i o 0.4    of visual  angle  wide  across  the receptive  field. 
The  delay between light onset and bar movement was 
between 5 and  10  sec to prevent  contamination of the 
response  to movement by a lingering response  to  field 
Illumination.    Likewise,  the  shutter   (3)   was timed to 
close  well  after the  period of response  to movement. 
These  time  Intervals were held constant for any given 
cell,  with a maximum error of 0.25 sec.     The moving 
bar   (T)  was driven by a 12 v do reversible motor   (M) 
controlled by a variable  voltage power supply.     The 
luminance of the  spots of white light used for stimu- 
2 
lating was 60.3 cd/m    and of the diffuse background 
2 
and moving bar,  0.3 cd/m  ,  as measured with a Mac Beth 
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Illumlnometer. 
The  testing protocol  consisted of the  successive 
presentation of one  stimulus velocity in one  direction, 
the  same  velocity in the  opposite  direction,   a second 
velocity in the  first direction,  the  second direction, 
etc.     Velocities used for  stimulation covered a range 
on either side of a velocity producing high response 
magnitude.     For the 35 neural units studied with 
photographic records,  four to eight velocities were 
presented.     While  target  speeds ranged from 1  to  150°/sec, 
most units were  not tested over this entire range.     The 
total velocity range  sampled for units #1 through #13 
was kO to  150°/sec;  target speeds examined for cells 
#14 through #35  fell  within a range of 1  to  120°/sec. 
The entire  series was repeated as time allowed;  for 
77% of the  cells,  there  was at least one  complete 
replication of the  series.     Stimulus order was quasi- 
random within a series. 
In a small  number of experiments,  a neural unit was 
held long enough for quantitative examination of the 
influence of the receptive  field surround on the response 
to  stimuli presented within the  field center.     A carousel 
projector   (P) beam of matching brightness oould be 
superimposed on the  center stimulus for this purpose. 
Projector slides with a variety of annuli  covering a 
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sufficient range of Inner diameters to  allow an exaot 
fit for the  center stimulus were prepared*     When the 
surround projector was Included In the circuit,  Its 
onset and offset were   simultaneous with that of the 
center spot* 
CRO displays were photographed on high contrast 
Kodak film with a Grass Kymograph camera  (C).     The  film, 
on which the  duration of traverse of the bar was 
recorded directly,  was analyzed manually. 
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HESULTS 
I*     General Observations 
A*    Recording and Localization of Neurons.     Responses 
were recorded from 113 neural units In the optic teota of 
3^ pigeons   (Columba llvla)   (see  Table   1), 
Jeak-to-peak potentials ranged from less than 100 
mlorovolts to  several millivolts.    On rare occasions, 
the activity of single neurons was recorded for several 
hours.    More often, units disappeared only minutes after 
they were  first recorded.     An additional problem was 
that repetitive movement often caused habltuatlon which 
depressed firing for half a minute or more.     In an effort 
to hold units long enough to obtain reliable  data for 
directionality and velocity functions,  systematic 
exploration of field surround properties was often 
postponed and not attempted before  the unit was lost. 
iassection of brains after reoording showed areas 
of electrode penetration to be  at least one mm posterior 
to  the  forebrain and two mm lateral  to the  cerebellum, 
clearly indicating that reoorded units were tectal  In 
origin.     The  representation of  the  visual  field on the 
tecturn was not systematically Investigated,  although 
the present work confirms previous reports in that' 
activity from the dorsal  tectum was referable  to  the 
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TABLE   1.     NUMBER OP TECTAL UNITS  AT DIFFERENT  DEPTHS 
SHOWING PARTICULAR RECEPTIVE  FIELD SIZE  AND 
SPONTANEOUS  ACTIVITY. 
Tectal  depth is indicated vertically.     Shown 
horizontally are:    N,  total number in sample; 
RF,  receptive  field size of units for which 
it oould be  determined;   SA,  number of units 
showing spontaneous activity,  from total 
sample. 
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N RF SA 
SURFACE 
100-600 
MICRONS 
600-1200 
MICRONS 
>I200 
MICRONS 
1-2° 2-4° 4-10° 10-20° >20°| 
26 1 7 10 4 
36 1 26 3 6 
32 13 8 3 14 
19 1 4 6 9 
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inferior retina, or superior visual  field.     Cells 
encountered in increasingly lateral penetrations 
represented more central  field areas,  and as penetrations 
were made  from the anterior to  the posterior tectum, 
corresponding field locations moved from nasal  to 
temporal*    The  centers of reoeptive  fields explored 
were  within an area with a radius of approximately 30° 
from the optical  axis projected to the center of the 
screen*    Thus,  both the  field of the oentral  fovea and, 
less likely,  of the  superior temporal  area of cell 
density may have  been sampled.     The  reoeptive  fields 
of the units recorded in any single penetration were 
in nearly identical positions In the visual  field. 
The neurons recorded were classified according to 
depth in the  tectum on the basis of microdrive  data,     A 
maximum error of 100 microns due  to  tissue lag,  in 
addition to a maximum of 2 microns in the microdrive, 
may be responsible for some error in depth assignment, 
B
»     Field Size.     Field sizes ranged from 2° to  70°; 
this maximum was determined by the  size of the projection 
screen.     Center size  was closely related to its shape; 
smaller fields  tended to be round or oval  while many 
larger ones were rectangular or Irregular in configu- 
ration.    Large  and/or irregularly-shaped reoeptive 
fields were characteristic only of deeper neural units, 
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The  range of receptive  field diameters for units at the 
various depths was  found to be  greater than reported 
previously.     However,   the  reported relationship was 
demonstrated between teotal  depth and field size,  with 
field size  increasing significantly with Increasing 
depth in the  tecturn   (see  Table  1  for a detailed tally). 
2 This was tested using X •     Because of the  small  cell 
frequencies in Table  1 units were combined as follows: 
Receptive  fields were  divided between those less  than 
10°  and those  greater than 10°  while  the  two  deepest 
regions of the  tectum were  combined.     This resulted In 
X2(2)  m 29.00,  p <,001. 
C,     Spontaneous Activity,     Spontaneous discharge  In 
darkness or diffuse  illumination was characteristic of 
29% of the neural units investigated   (33 of 113 units). 
While  spontaneous activity is sometimes an artifact of 
damaged cells,  units  judged to be  damaged were not 
included in this tally. 
Some units fired only once every several  seconds, 
while others discharged as rapidly as 9 to  10 impulses/ 
see.     Still others discharged In irregularly-spaced 
bursts cf two to four closely grouped impulses, 
several  seconds separating each burst.     There were 
approximate equal numbers of units of each type. 
Again,  spontaneous activity increased significantly 
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with increasing depth In the  tectum,  X2(3)  - 11.45, 
p < .01. 
Five  spontaneously active neural units were 
unresponsive  to  any of the  visual   stimuli  presented; 
these  tended to be relatively deep in the  tectum.     Those 
spontaneously active units which did respond to visual 
stimuli varied considerably in their response properties, 
and no property was referable  to  a particular teotal 
depth.     Some  cells responded both to diffuse  illumination 
and to small  spots but others responded only to  small 
spots.     Some responded only to a moving stimulus and not 
at all  to a stationary stimulus turned ON or OPP.     It is 
clear that  spontaneous activity is an attribute of 
neurons  that differ widely in their other properties. 
Prom the present work,  no consistent pattern of spon- 
taneous activity can be  seen, nor can the  significance 
of the presence or absence of spontaneous activity in a 
particular neuron be  assessed. 
D.    Responses to  Stationary Stimuli  and Moving 
Stimuli.     All of the  108 neural units which responded to 
visual stimuli responded with greater frequency and 
number to moving stimuli  than to  stationary ones. 
Approximately  &9%  (96  cells)  were  influenced by small 
stationary spots or bars while only 20^  (22 units)  were 
affected by change  in the  general level of illumination; 
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these responses were often very weak.     Most units 
responded to both the ON and OPP of these  stationary 
stimuli.    Only occasionally   (6 units)  were pure ON or 
OPP receptive  fields observed.     Por ON-OFF fields,  It 
was never possible  to  Isolate ON and OPP areas  spatially. 
Any displacement of the  stimulus evoked both an ON and 
OPP response.     No obvious relationship was observed 
between tectal  depth and these response properties. 
No  statistical  tests were performed due  to  the  small 
frequencies Involved. 
Almost all units tested generated a firing pattern 
approximating that In Figure  9   (see p.   6l  )  to  the 
passage of the  target across the  field center.     They 
discharged more or less continuously during traverse 
of the bar,  and soon ceased to  fire  when the movement 
stopped.    Only one unit showed a reliable firing pattern 
which was anomalous In this respect.     In this unit, 
firing oontlnued long after the target left the  field 
center.     The response  seemed to be  "triggered" by the 
stimulus rather than elicited In the usual manner.     This 
unit,  with an elliptical receptive field of 14° diameter, 
was found at a depth of 1000 microns, 
II,    Preliminary Observations of Orientation and 
Directional preferences 
As already noted, unit response  to movement at only 
3* 
one orientation was recorded photographically,    prior to 
photography, preliminary  judgments were made  as to 
whether a unit seemed to exhibit an orientation 
preference only,  a direction preference only,  both types 
of preference, or neither*     When both were present,  the 
directional preference was in all cases within the 
preferred orientation. 
Orientation preferenoes were defined by greater 
activity,  in terms of impulse rate  and number,  in 
response  to movement along one orientation than in 
other orientations.    Thirty-eight per cent  (18) of the 
47 neural units tested for orientation preference 
appeared to show this property.    Of the units with this 
characteristic,  $6% (10) preferred the  superior-inferior 
orientation,  and bk%  (8) preferred the anterior-posterior 
orientation. 
Directional preferences were defined as greater 
activity in response  to movement in one  direction than 
the opposite direction.     Judgments about suoh selectivity 
were made  for the  above described b? units on the basis 
of preliminary examination,  and again after study of 
photographic records obtained for 35 of these,    of the 
12 neural units tested for only a short velocity range, 
and without photography,  5 appeared to  show an upward 
preference,  2 showed a downward preference,  3 showed an 
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anterior preference,  and 2 responded optimally to 
movement in the posterior direction, 
preferred orientations and/or directions,  when 
apparent,  were  always used for subsequent detailed 
analysis.     The photographs of responses of the  35 neural 
units  tested over a wider range of target  speeds revealed 
that the  strength of directional preferences varied 
considerably from one unit to another*     More  Interesting 
was the  finding that,  within Individual units,  both the 
strength and direction of directional preferences 
sometimes varied with target velocity.     The  classifi- 
cation of neurons as directionally selective or 
nonselective  is clearly difficult given these  considera- 
tions.     Certainly,  preliminary impressions of directional 
selectivity,  and perhaps orientation selectivity,  based 
on a limited velocity range must be  qualified.     Because 
directionality was  so often found to  be  closely related 
to velocity in the  35 neural units photographed,  the  two 
are considered together in the  following. 
III.     Velocity and Directional preferences 
The results in this section are based on the respon- 
ses from the  35 neural units which were photographically 
recorded.     Feak-to-peak amplitudes of  these  responses 
ranged from approximately 350 microvolts to 3 millivolts. 
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Two measures of response magnitude  were  considered! 
1) total  number of Impulses to  the  target  sweep,  and 
2) maximum rate,  which was measured as maximum Impulse 
frequency attained over any ^0 msec period.    Each of  the 
chosen measures was plotted against  target velocity. 
Bach point  graphed represents a mean response  to 
velocities covering a range of up to + 5°/sec around' 
the  plotted velocity. 
Examination of these  functions revealed the  multi- 
dimensional  nature of velocity and directional  selec- 
tivity and the  wide  variation among funotlons in the 
degree  of expression of each dimensional  quality. 
The  degree  of selectivity for velocity was 
reflected by a range of  functions which were  flat,   those 
with wide peaks,   and those  with sharp peaks.     The number 
of response maxima over  the  velocity range  and the 
velocities at which seleotivities were  demonstrated can 
be  considered additional  dimensions. 
With regard to direotional   selectivity,   the  degree 
of selectivity varied with some units showing little or 
no  directional preference,  a moderate  degree of 
preference, or considerable preference.     In addition, 
some units showed consistent preferences over the entire 
velocity range,  others showed such a preference  over 
only some  velocities,   and  still  others showed a 
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preference   that actually reversed with change  in 
velocity.     Furthermore  the  actual  direction of preference, 
in terms of anterior-posterior and dorsal-ventral 
directions,  varied among units. 
An additional variation underlying dimensions of 
both velocity and directionality was the  degree  of 
reliability of response over repeated stimulus series. 
Unit responses were  controlled tightly, loosely, or to 
an Intermediate  degree  by stimulus velocity and 
inhomogenelty of variance  In the  plots was often a 
problem* 
Such considerations led to  the  conclusion that 
distortion of the  data would Inevitably result from the 
use of arbitrary criteria to classify the  functions such 
as a curve  fitting approach with the  subsequent goodness- 
of-flt tests.     Certainly,   the ultimate  criterion must be 
defined in physiologically meaningful  terms,     For the 
present,   it was determined to  characterize  the  dimensions 
considered likely to have physiological  and/or behavioral 
significance.    For example,  there  are  direct implications 
for the dimension of degree of specificity of velocity 
preference  if one  considers the  sensory system as a 
filter.     After suggesting potentially meaningful dimen- 
sions,  their validation will require other types of data. 
Since  different dimensional  characteristics were 
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exhibited In some  cases not only by opposed directions 
for one neural unit,  but also by plots of the  two 
response measures for one  stimulus direction*  data for 
the  two response measures will be  considered separately. 
The  degree of reliability of response  Is represented by 
the  range of response magnitudes contributing to eaoh 
mean bracketed on each of the following graphs and by 
the number of observations summarized In eaoh figure 
caption.     This measure of variability was chosen over 
the  standard deviation,  firstly,  beoause most means 
were  based on no more  than three points and,  secondly, 
beoause  some  distributions were  quite  skewed. 
A.     Total  Number of Impulses/Target Sweep. 
*•     Velocity.     The extent to  whloh there  are 
specific peaks of activity as a function of velocity Is 
a dimension of velocity sensitivity.     The  graphs of 
Figure  3 show the very wide range  in the degree of 
selectivity demonstrated.     Some  functions were  flat, or 
nearly flat.     Some neural units showed considerable 
selectivity for a narrow range of velocity, while others 
demonstrated less speolflolty.     As is shown,  peaking in 
either form appears to be purely a matter of degree. 
A second dimension evidenced was the  number of 
response maxima over the velocity range.     A striking 
double-peak velocity sensitivity was revealed for at 
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FIGURE   3.     VELOCITY  SELECTIVITY  AMONG UNITS:     TOTAL 
NUMBER OP IMPULSES  AS  A FUNCTION OF VELOCITY. 
Functions progress from those  which are  flat 
(A)  through those  with a range of wide  to 
sharp peaks   (B,  C).     Function A shows  the 
response of neural unit #7 to upward 
movement;  B, unit #27 to posterior movement; 
C, unit #16 to posterior movement.    In A and 
B the  number of cases summarized by data 
points ranges from 2 to ^;  in C,  the range is 
3 to 4.     This information will be  summarized 
as follows:     A(N)  - 2-4;  B(N)  = 2-**;   C(N)  « 3-^. 
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least one  direction of movement for a small minority of 
units.     These   functions  seemed to  cluster into  two 
•phases* or ranges of maximum response  to velocity 
(Figure  **•),  one  phase  around 20-30°/sec and the other 
around 60-80 /sec.    Other functions,   such as those of 
Figure  3»   showed a single   •phase1. 
A final  dimension of cell response  is  the  specific 
velocity or range of velocity of preference.     As shown 
by Figures 3 and 4,  there  is considerable variation 
from one  function to another. 
Variability in specific velocity of preference  and 
the  expression of double-peak velocity sensitivity are, 
to  some extent,   the result of two parameters,   the 
frequency and duration of discharge,  which were  weighted 
differentially in the response of the various units. 
There was a general  tendency for the  total  number of 
impulses  to  increase  with target velocity up to  a point 
beyond which total  Impulses decline.     On the other hand, 
there  was also a tendency, at the higher velocities, 
toward a decrease  in the  duration of discharge as the 
target  spent progressively less  time  within the receptive 
field center.     The response records suggest a trend 
toward stabilization of response  duration, usually at 
velocities of 30°/sec and higher.     Thus response maxima 
at velocities above  30°/seo can most often be  attributed 
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FIGURE 4.  POSSIBLE DOUBLE MAXIMA AMONG UNITS:  TOTAL 
NUMBEH OP IMPULSES AS A FUNCTION OF VELOCITY. 
A shows the response of neural unit #1? to 
downward movement; B, unit #24 to posterior 
movement; C, unit #29 to upward movement, 
A(N) = 3-4; B(N) = 2-3; C(N) = 2-4. 
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to  high response  rates.     Response maxima at velocities 
below about 30 /sec reflect the  interplay of the  two 
parameters* 
2.     Directionality,     The extent to  whioh individual 
units can be   said to  show directional  selectivity appears 
to be  a response  dimension.    Velocity functions generated 
by opposed directions of movement showed various degrees 
of difference.     Thus Individual neural units again may 
be regarded as points on a continuum of directional 
preference,  with extreme  values represented by suoh plots 
as  those of  Figure  5A and 5B.     Related to  the  degree of 
directional preference is the extent to which inhibition 
seems  to underly the  response  to movement in the 
nonpreferred direction.     In many cases such stimulation 
reduoed the level of spontaneous activity for neural 
units in whioh spontaneous discharge was present.    In 
other spontaneously active neurons,   stimulation in the 
nonpreferred direction caused some  degree of excitation 
above  the  spontaneous rate.    An explanation for this 
phenomenon based on an improper choice of least-preferred 
direction Is possible but unlikely given the  frequency 
with which It occurred.     While  there was some  tendency 
for inhibited units to  show greater degrees of 
directional  selectivity, units such as that shown in 
Figure  5B displayed comparable  directionality at points 
*5 
FIGURE  5.     DIRECTIONAL  SELECTIVITY AMONG UNITS:   TOTAL 
NUMBER OP IMPULSES AS  A FUNCTION OF VELOCITY. 
A (unit #11)  and B  (unit #34) represent 
minimal and considerable directional 
preference,  respectively.     In each, response 
to upward movement Is Indicated by closed 
clroles and solid lines; response to downward 
movement Is shown with open circles and 
dashed lines.    The spontaneous discharge 
rate of unit #34 was approximately 2 
Impulses/sec.     In C appears the response of 
unit #2? to anterior and posterior movements; 
a clear preference  for anterior movement 
(open circles,  dashed lines)  was shown over 
the low end of the velocity range.     Some 
Indication of mixed preference  Is also given 
by C; posterior movement   (closed circles, 
solid line8) produoes a greater number of 
Impulses at mid-range, while  the  anterior 
preference recurs at the highest velocity 
tested.     A(N)  = 2-3;  B(N)  = 2-5;  C(N) - 2-4. 
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where  the nonpreferred movement caused moderate 
excitation. 
The degree of consistency of directional preference 
across  the  velocity range  can be  considered a seoond 
dimension of directional  sensitivity.     Representatives 
of two points on a continuum of consistency are  shown 
in Figure 5:    preferences for one  direction over the 
entire  velocity range  and velocity-dependent directional 
preferences.     Single-directional preferences,  though 
varying in preference magnitude, often showed conside- 
rable response reliability over repetitions of the 
velocity series.    However,  there  was a concomitant 
increase  in response  variability with units that 
changed directional preference  as a function of velocity, 
Thus,  at the  extreme, mixed-preference  descriptions are 
at best tentative.     For all mixed-preference  functions 
generated by repeated stimulus series, distributions of 
points on the  functions for opposite directions over- 
lapped at one or more of the points where  response means 
suggested a degree of directional preference. 
Specifio direction of preference is a final 
dimension to be considered.    Because of the  interdepen- 
dency expressed    between directionality and velocity,  a 
measure of direction and degree of preference was sought 
for isolated portions of the velocity range.     The range 
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was divided Into  four segments   (l-40°/sec,  41-80 /sec, 
8l-120°/seo,  and  121-l60°/seo).     Ftor eaoh oell,   the 
mean response magnitude  within each range was determined 
for eaoh direction of movement and the difference In 
means for opposed directions found.     This procedure 
showed no clear and consistent tendencies for prefe- 
rences for any particular dlreotlon over a particular 
range of velocity.     Anterior preferences tend to 
outnumber posterior preferences and exceed them in 
magnitude within all velocity range  segments,     for 
upward-downward data,   there  is some  indication that 
upward preferences at least equal downward preferences 
in number but that downward preferences may be greater 
in magnitude. 
The  set of difference  scores for eaoh neural unit 
was then averaged to arrive  at a mean directional 
difference  score  for the entire  range of velocity. 
Among units for which the  stimulus series was repeated, 
mean directional differences representing anterior 
preferences outnumbered those  representing posterior 
preferences 12:4;  the ratio of upward to downward 
preferences was 5*5*     When all units are  included in 
the  tally the respective ratios become  13xf and 9*5. 
If only those mean directional differences exceeding 
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particular values are  considered,  anterior and downward 
preferences are more  frequent than their opposites, 
B.    Maximum Rate of Response, 
*•     Velocity.     The  extent to which neural units 
show specifio velocities of preference  is again 
reflected by a progression from flat,  through wide,   to 
sharply-peaked functions.     These  degrees of selectivity 
are  exemplified by Figure  6, 
In the foregoing examples, degrees of selectivity 
are revealed in single phases over the velocity range. 
Representative points from the other end of the conti- 
nuum of number of maxima are presented in Figure 7. 
Here, increasing phasing in response magnitude over two 
parts of the velocity range culminates in well-defined 
double maxima. 
The  final  dimension,   specific velocity of preference, 
is expressed differentially in functions with single  and 
double maxima.     Response  frequency in almost all  functions 
o 
showing velocity selectivity peaks over the   35-105 /sec 
o 
velocity range,   at  a mean of approximately  70 /sec.     The 
small number of functions with double maxima demonstrate 
an additional  low-range  peak,   at  a mean of about 25°/sec. 
Thus,  as expected, maxima within the upper range of 
velocity predomonate  when the  effects of response 
duration are  eliminated. 
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FIGURE 6.  VELOCITY SELECTIVITY AMONG UNITS:  MAXIMUM 
IMPULSE FREQUENCY AS A FUNCTION OF VELOCITY. 
Increasing degrees of selectivity are shown 
in the A-C progression from flat functions, 
through those with wide and sharp peaks. 
Figure A shows the response of neural unit 
#7 to upward movement; B, of unit #16 to 
anterior movement; C, of unit #6 to anterior 
movement.  A(N) « 3; B(N) » 3-^; C(N) * 2-3. 
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FIGURE 7.  POSSIBLE DOUBLE MAXIMA AMONG UNITS:  MAXIMUM 
IMPULSE FREQUENCY AS A FUNCTION OF VELOCITY. 
A, B, and C show the progression toward 
extreme clarity of double maxima,  A shows 
the response of neural unit #18 to posterior 
movement; B, of unit #24 to posterior 
movement; C, of unit #29 to upward movement. 
A(N) « 2; B(N) = 2-3; C(N) = 2-4. 
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2,  Directionality,  Again, the extent of expression 
of directional selectivity varies considerably from one 
neural unit to another, and does not necessarily depend 
on Inhibition for nonpreferred movement.  Figures 8A and 
8B show the extremes of a continuum ranging from minimal, 
to extreme, degrees of directional preference. 
The degree of consistency of directional preference 
again appears as a second dimension of directionality. 
Figure 8C presents a representative extreme point on the 
continuum of consistency, a unit which reverses 
preference with velocity.  The progression through 
consistent preference over some segment of the velocity 
range, mldrange, and consistent preference over all 
velocities, the extreme, are represented by Figures 
8A and 8B. 
For consideration of the third dimension, specific 
direction of preference, the velocity range was segmented 
and analyzed as with the previous response parameter.  No 
clear and consistent tendencies for preferences for 
either of opposed directions were revealed over 
particular segments of the velocity range; preferences 
for all directions were greatest In magnitude within 
the range of 4l-80°/seo.  Anterior preferences outnumbered 
posterior preferences and slightly exceeded them In 
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FIGURE 8.  DIRECTIONAL SELECTIVITY AMONG UNITS:  MAXIMUM 
IMPULSE FREQUENCY AS A FUNCTION OF VELOCITY. 
A and B represent minimal and considerable 
preference, respectively,  A shows the response 
of unit #7 to upward and downward movement.  B 
shows the response of unit #6 to anterior and 
posterior movement. Responses to upward and 
posterior movements are indicated by dashed 
lines and open ciroles.  C shows the response 
of unit #11 to upward and downward movements. 
A preference for downward movement (dashed 
lines, open circles) was shown for the lower 
velocity range; upward movement was preferred 
over the higher velocities.  A(N) • 2-4; 
B(N) = 2-4; C(N) = 2-3. 
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magnitude for each of the isolated ranges of velocity 
while no superior-inferior differences were apparent. 
When the set of difference scores for each cell was 
averaged to arrive at a mean directional difference 
score for the entire range of velocity, anterior 
preferences outnumbered posterior preferences 13?6 in 
a tally of all cells.  Among reliable data this ratio was 
reduced to 10:6.  The relative numbers of upward and 
downward preferences were not apparently different in 
either case (8:7 and 5*6).  If only those mean directional 
differences exceeding particular magnitudes are considered, 
none of the preferences is clearly maintained. 
c
»  Comparison of Total Impulses and Maximum Rate 
Parameters.  High magnitude on either of the response 
measures used was considered a likely signal of events 
within the nervous system.  Certainly, the two response 
parameters might be expected to function interchangeably 
in some cases, for example allowing temporal summation 
at a higher-order neuron.  It is therefore of some 
interest that individual neural units were often found 
to show similar tendencies in their expression of the 
dimensions of velocity and directional selectivity for 
the two response parameters. Of course, there were some 
discrepancies between the two measures as well. 
Regarding velocity selectivity, comparison of the 
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degree of preference shown with the two response measures 
will be Impossible until a physiologically meaningful 
means of defining response criteria Is established. 
While most sharply peaked functions were found among 
plots of total Impulses elicited as a funotion of 
velocity, a considerably smaller differenoe in response 
rate over a time period so short as kO  msec might be 
expected to have a comparable effect.  The basis for 
similarities as well as differences In the number and 
specific velocity of velocity preferences for the two 
response measures is the interplay of the roles of 
duration and frequency of response over the velocity 
range, as described previously.  The unit response of 
Figure 9» showing the differential contribution of 
duration and frequency of response as velocity increases, 
Is an example for which velocity functions for both 
response parameters revealed double maxima at the same 
velocities (see Figures *J-B and 7B).  In general, the 
suggestion of double maxima is less frequent for plots 
of total number of Impulses elicited as a funotion of 
velocity beoause of the numerous cases in which complete 
domination by the duration parameter produced a simple 
gradual decline in response magnitude with increasing 
target velocity.  Differences within any of these 
dimensions are apparently Independent of teotal depth 
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PIGUHE 9.  UNIT RESPONSES TO THREE VELOCITIES. 
Shown here are responses of unit #24 at three 
velocities, 15°/sec (A), 30°/sec (B), and 
70°/sec (C).  The vertical stimulus markers 
below the response record lndioate receptive 
field illumination and the thickened line 
indicates the traverse of the moving bar. 
These responses show double response maxima 
for both response parameters, at velocities 
A and C.  Maximum duration of discharge at 
the low velocity and maximum frequenoy of 
discharge at the high velocity tend to be 
shown, except for periods of high-frequency 
response In the former. 
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and type of response to stationary stimuli for both 
response parameters. 
Meaningful comparisons of the degree of directional 
preference shown with the two response measures, again, 
must await determination of criteria used by the nervous 
system.  Regarding the consistency of directional 
preference, it has been noted that mixed-preference 
designations are tentative for both response parameters. 
Such neural units were more reliably defined by their 
maximum Impulse rate than their total number of impulses, 
In spite of the fact that the relative difference in 
magnitude of response to opposed directions tended to 
be somewhat less for the maximum rate measure, in both 
mixed-preference and other groups.  Finally, as noted, 
indications from difference scores for opposed directions 
are similar for the two parameters.  While the relative 
numbers and magnitudes of upward and downward preferences 
are not apparently different, anterior preferences tend 
to outweigh posterior preferences In both respects. 
Again, characterization within the dimensions appears 
unrelated to depth in the tectum and response to 
stationary stimuli for both response measures. 
IV. Receptive Field Surround Effects 
The effect on response to movement within the field 
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center by stimulation of the receptive field surround 
was Investigated for 5 neural units.  Graphs of 
magnitude of response as a function of velocity showed 
that, for 2 units (#8, #17), neither maximum response 
rate nor total discharge to target movement was suppressed 
by Illumination of the surround.  According to both 
response magnitude measures, the three remaining neural 
units showed at least some degree of response inhibition. 
Two units (#6, #9) showed an inhibited response for only 
one direction of movement; for #9 the suppression was 
also velocity specific.  For the final neural unit (#10), 
both response measures reveal inhibition of the response 
to target movement by surround stimulation.  The two 
annuli tested differed In the magnitude of their 
suppresslve effects; greater inhibition was exerted by 
a uniform annulus than by a "spoked* annulus, identical 
in size but with alternating bright and dark areas. 
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DISCUSSION 
The present experiments are in accord with most 
prior  findings   (Holden,   1969;   Jassik-Gerschenfeld et 
al,   1970;   Wylie,   1962;   Jassik-Gerschenfeld & Guichard, 
1972)  in the basic characterization of pigeon tectal 
cells.     Receptive  field size is shown to  increase with 
increasing cell  depth.     The majority of neural units 
give no response or a weak response to full-screen 
illumination,   though a number respond to both the ON and 
OPP of this stationary stimulus.    Most units respond at 
least weakly to  a small  stationary  stimulus  turned ON 
and OPP;  a small  number respond at only the ON or OPP. 
Contrary to one report   (Gusel»nikov,  1971)t  cells at 
the  depth of the  SGEPS do  not tend to  show uniform ON 
or OPP responses.     As has been demonstrated by all 
investigators,  neural units which respond to visual 
stimuli  show their greatest response magnitude to 
moving stimuli.     The reported appearance of movement- 
sensitive units not responsive to stationary stimuli 
is confirmed   (Wylie,   1962;   Jassik-Gerschenfeld et al, 
1970;   Jassik-Gerschenfeld & Guichard,   1972;  Hughes & 
Pearlman,   197*0.     As suggested previously   (Gusel'nlkov 
et al,   1971;   Jassik-Gerschenfeld & Guichard,   1972),  cells 
may respond to movement in all orientations or show 
6k 
orientation selectivity.  The reported Increase In 
spontaneous activity with depth In the tecturn 
(Gusel»nlkov et al, 1971) is supported. 
Beyond these basic characteristics, extreme 
difficulty Is met at classifying neurons In the absolute 
fashion of some previous Investigators.  The view derived 
here is that of a dynamic oell population, the members 
of which resist grouping into discrete categories. 
First, directional and velocity selectlvities are found 
to be variable 55n strength.  While the proportion of 
dlrectlonally selective units has been estimated to be 
20%  (Jassik-Gerschenfeld et al, 1970; Jassik-Gerschenfeld 
& Guichard, 1972; Hughes A Fearlman, 197*0 or 60# 
(Gusel*nlkov et al, 1971). for example, the variability 
in preference strength shown in the present experiments 
suggests that any middle-range percentage is possible. 
Thus the arbitrary choice of criteria of directional 
preference may well explain some existing discrepancies. 
Second, in many cases velocity and directional preferences 
are interdependent, suggesting that a simple classifi- 
cation based on limited dimensions of stimulation may 
be inappropriate.  For the present, a multidimensional 
approach such as that taken here is considered essential 
for preventing oversimplification of the system. 
It must be admitted that the many unnatural elements 
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of studies might certainly lead to misrepresentation of 
the true picture.  In the present experiments, for 
example, errors in optical corrections might have 
smeared distinctions in categories of oells actually 
present.  In addition, the dimensional characteristics 
chosen here as well as the multiplicity of dimensions 
found In any one neural unit could result from simul- 
taneously recording from two or more oells.  For example, 
descriptions of units with multl-peaked velocity 
functions or changes In direction preference with 
velocity might be considered In this light.  However, 
the consistency of form of the potentials of the unit 
In Figure 9 and other units is strong evidence that 
single neurons were successfully isolated. 
The bias introduced by surgical anesthesia Is 
unknown, but may not be excessive.  However, it has been 
noted that anesthesia Induced by intravenous injections 
of sodium Pentothal, while having little if any effect 
on the response to visual stimuli, virtually abolishes 
spontaneous activity (Wylie, 1962).  The number of 
spontaneously active neurons found with the present 
method of surgical anesthesia more closely approaches 
the 50%  reported in unanesthetlzed animals (Jasslk- 
Gerschenfeld et al, 1970). 
Specific velocities at which velocity preferences 
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are demonstrated In plots of maximum rate of response 
are in general agreement with previous investigations 
of near foveal projections (Hughes & pearlman, 19?4; 
Gutsu, 1970); almost all functions showing velocity 
selectivity demonstrate an upper range peak at a mean 
of approximately 70°/sec.  However, the degree of 
velocity selectivity and the number of response maxima 
over the range of velocity are additional dimensions 
of velocity sensitivity to consider.  Further, the use of 
a response parameter which reflects not only the frequency 
but also the duration of discharge gives additional 
information not always corresponding with that obtained 
with the frequency measure. 
Similar comments can be made regarding directional 
sensitivity. In accord with one prior report (Holden, 
1969) anterior preferences tend to outnumber posterior 
preferences for both response parameters.  The compli- 
cating dimensions of degree and consistency of direc- 
tional preference must not, however, be overlooked. 
Knowledge of features distinguishing retinal from 
tectal units is helpful in understanding visual 
processing in the tectum.  Though some tectal cell 
characteristics are shared in common with retinal cells, 
a number of properties are different.  Receptive field 
sizes among retinal units are reported to range from 
67 
0.5° to 3  (Maturana, 1962) or to have a mean extent of 
5.6  (Holden, 1969), in either oase showing smaller 
size than most tectal units.  The occasional homogeneous 
ON or OFF receptive fields, spontaneously active neurons, 
multi-peaked velocity functions, and velocity-dependent 
directional preferences In the tecturn have not been 
reported for the retina. On the other hand, the convex 
edge detectors and vigorous ON-OFF responses to sta- 
tionary stimuli found In the retina were not observed 
in these experiments, though the existence in the tectum 
of the former has been reported (Jassik-Gerschenfeld & 
Guichard, 1972).  Interestingly, Holden (1969) found 
that upward and anterior directional preferences 
predominate in the retina.  The present results suggest 
that only the anterior-posterior difference is maintained 
through processing in the tectum. 
In the study of a variety of response properties 
in relation to tectal depth, particular Importance 
attaches to characteristics of the sgefs and deeper sgc, 
which project to the lsthmo-optic nucleus and nucleus 
rotundus respectively. The finding here that receptive 
fl-eld size increases with increasing depth in the tectum 
correlates well with findings that reoeptive fields of 
cells in the isthmo-optic nucleus are restricted in 
size (Holden & Powell, 1972), while those in the nucleus 
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rotundus and ectostrlatum are very large (Revzln, 1967). 
Also, the marked assymetry for anterior, as opposed to 
posterior, preferences revealed here with directional 
difference scores Is of Interest In light of the finding 
by Hoiden and Powell (1972) of two directionality 
detectors In the lsthmo-optio nucleus.  Some units 
showed anterior preferences while other "posterior 
minimum- units responded to all directions, but in each 
case gave minimal response to posterior movement.  It 
is possible that a convergence of tectal cells with 
upward, downward, and anterior preferences gives rise to 
the latter type.  Finally, It is noteworthy that Miles 
(1972) has reported discontinuities in the velocity 
functions of cells In the isthmo-optic nucleus of the 
domestic chick similar to the double maxima found here. 
Miles found that although the "phasing" of funotions 
was consistent, the response curves for a unit varied 
somewhat according to the type of target used, suggesting 
mediation by cells with particular preferences for size, 
shape and brightness at different velocities.  It would 
thus be of considerable Interest to examine such target 
dimensions together with velocity in further study of 
the pigeon tectum.  Also, since neural units whose 
velocity functions showed double maxima were not restric- 
ted to the sgefs, both the thalamus and isthmo-optic 
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nucleus In the pigeon should be found to show the effect 
of such input, 
A model was developed to summarize the Information 
gathered here on the processing of moving stimuli within 
the tectum.  Directionality and velocity aspects of the 
model will be considered in turn.  There is some agree- 
ment that an inhibitory effect underlies the preferred- 
nonpreferred directionality response in the pigeon 
retina and tectum; as noted, this applies to many neural 
units here observed.  A possible mechanism involved has 
been proposed by Jassik-Gerschenfeld et al (1970) and 
forms part of the basis for the present model.  Excita- 
tory and inhibitory retinal units provide input to each 
tectal cell.  The excitatory Input has the same preferred 
direction as the tectal cell, while the inhibitory input 
has exactly the opposite preference.  As is suggested, 
such a mechanism accounts for observed weak tectal 
responses to stationary stimuli; the simultaneous 
transmission of both excitation and inhibition cancel 
each other out to a large extent.  When movement is In 
the preferred direction and the Inhibitory retinal unit 
is silent, the excitatory retinal unit activates the 
tectal cell.  Similarly, stimulation by the Inhibitory 
retinal unit is possible during movement In the null 
direction.  As has been shown, a second mechanism for 
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directional selectivity is also suggested by the present 
results.  Motion in the nonpreferred direction may 
produce excitation which is weak relative to that 
produced by movement in the preferred direction, rather 
than silence or decrease in spontaneous activity. 
The differences in velocity detectors observed 
suggest ^hat single-maximum velocity functions depend on 
inputs from velocity-sensitive elements responding with 
maximum frequency to targets moving at rates of 35 /sec 
to 105°/sec, mean 70°/sec.  Functions with double maxima, 
on the other hand, appear to be mediated by this group 
of cells and another group with a low-range peak, at a 
mean of 25°/sec.  It can be shown that preferred 
velocities also tend to be the velocities at which 
preferred directions are demonstrated.  Thus a simple 
model based on groups of low- and high-range velocity 
preference elements within each possible preferred 
direction can be used to account for the present results. 
The model illustrated in Figure 10 shows only the 
minimum number of retinal inputs required to produce 
representative types of one directional preference, 
anterior,  A first group of tectal cells, represented 
by cell A, receives excitatory input for low and high 
ranges of velocity for anterior movement and inhibitory 
input for one or both ranges of velocity for posterior 
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FIGURE 10.  PROPOSED MECHANISM FOR VELOCITY AND 
DIRECTIONAL SENSITIVITY IN THE PIGEON OPTIC 
TECTUM. 
A tectal cell (TC) receives Input from a 
number of excitatory or inhibitory •retinal 
units1 (ERU and IRU).  The preferred 
directions of excitatory and inhibitory 
inputs are Indicated by arrows.  The range 
of velocity over which they show a maximal 
response is indicated.  See text for 
discussion. 
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movement.  They thus show anterior directional preferences 
over a small or large part of the velocity range and 
double-peak velocity sensitivity for anterior movement. 
Of course similar relative responses for opposed direc- 
tions might be obtained if weak excitatory Input for 
posterior movement was provided at a range of velocity 
not represented by inhibition.  Extending this reasoning, 
relatively weak excitation might take the place of 
inhibition altogether with the same net effect, as shown 
by tectal cell B.  Tectal cell C, receiving excitatory 
input for velocities in the 35-105°/sec range for 
anterior movement and inhibitory input in the same range 
for posterior movement, shows a single-peaked velocity 
function for Its preferred anterior direction,  A 
similar anterior preference for cells with different 
degrees of single-peaked velocity selectivity for 
opposed directions might be the result of relatively 
weak excitatory inputs for posterior movement instead of 
inhibition. Preferences which change direction over 
the range of velocity can be built up with various 
combinations of anterior and posterior Inputs, providing 
that the input pertaining to posterior movement is 
excitatory for at least some velocity and that the 
specific velocity of velocity preference is different 
for opposed directions. 
7^ 
With increasing tectal depth there will be a 
progressive convergence of units with different receptive 
fields, making for increased area and irregularity of 
receptive fields.  Otherwise, the properties of these 
superficial neurons must remain virtually unchanged 
through the tectal layers, requiring a balance of 
enhancement by convergence of like properties and 
moderation by convergence of irrelevant or antagonistic 
characteristics as depth Increases. 
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